The role of a super-Alfvénic plasmoid instability in the onset of fast reconnection is studied by means of the largest Hall magnetohydrodynamics simulations to date, with system sizes up to 10 4 ion skin depths (d i ). It is demonstrated that the plasmoid instability can facilitate the onset of rapid Hall reconnection, in a regime where the onset would otherwise be inaccessible because the SweetParker width is significantly above d i . However, the topology of Hall reconnection is not inevitably a single stable X-point. There exists an intermediate regime where the single X-point topology itself exhibits instability, causing the system to alternate between a single X-point geometry and an extended current sheet with multiple X-points produced by the plasmoid instability. Through a series of simulations with various system sizes relative to d i , it is shown that system size affects the accessibility of the intermediate regime. The larger the system size is, the easier it is to realize the intermediate regime. Although our Hall MHD model lacks many important physical effects included in fully kinetic models, the fact that a single X-point geometry is not inevitable raises the interesting possibility for the first time that Hall MHD simulations may have the potential to realize reconnection with geometrical features similar to those seen in fully kinetic simulations, namely, extended current sheets and plasmoid formation. * Electronic address: yimin.huang@unh.edu 1
I. INTRODUCTION
Magnetic reconnection is thought to be the underlying mechanism that powers explosive events such as flares, substorms, and sawtooth crashes in fusion plasmas [1] . Such events commonly feature impulsive onset, whereby the system exhibits a sudden increase in the reconnection rate [2] . In classic Sweet-Parker theory [3, 4] , based on resistive magnetohydrodynamics (MHD), the reconnection site has the structure of a thin current sheet of length L, which is of the order of the system size, and a width δ SP ≃ L/ √ S, where the Lundquist number S is related to the length L, the Alfvén speed V A , and the resistivity η by the relation S ≡ LV A /η. The plasma outflow speed from the reconnection site is approximately V A , and the inflow speed, which is a measure of the reconnection rate, is approximately V A /S 1/2 under quasi-steady conditions. In most plasmas of interest, the Lundquist numbers are very high. Consequently, the Sweet-Parker reconnection rates are usually several orders of magnitude too slow to account for the observed rate of energy release after onset. The strong dependence of the reconnection rate on S in the Sweet-Parker theory has led to a broad consensus that the solution to the onset problem for high-S plasmas lies outside the domain of resistive MHD, and requires the inclusion of collisionless effects. In particular, for two-dimensional (2D) configurations without a guide field, a precise criterion has been
proposed that accounts for a slow growth phase (identified as a Sweet-Parker phase in many cases of interest), followed by rapid onset caused by the Hall current, which is a signature of the decoupling of electron and ion motion at scales below the ion skin depth d i [5] [6] [7] [8] .
(Here d i = c/ω pi , where c is the speed of light and ω pi is the ion plasma frequency.) The criterion predicts that when δ SP < d i , the system will spontaneously make a transition to a rapid reconnection phase, with an inflow velocity ∼ 0.1V A . This criterion has been tested extensively by numerical simulations [5] [6] [7] [8] as well as controlled laboratory experiments [9] .
The recent discovery of a linear, super-Alfvénic plasmoid instability [10] in high-S plasmas raises qualitatively new questions for the criterion stated above. It has long been known that the Sweet-Parker reconnection layer can become unstable to a secondary tearing instability.
However, only recently has a precise linear study shown that the linear growth rate γ of the instability scales as γ ∼ S 1/4 (V A /L). The positive exponent of S yields high growth rates for high S plasmas, whereas most resistive instabilities scale with S to some negative fractional power. This seemingly counterintuitive result can actually be deduced from the dispersion relation for classical tearing modes [11] with one crucial new insight: the Sweet-Parker layer supports an increasingly singular current sheet as S → ∞. [12] Furthermore, even within the framework of resistive MHD, this linear instability leads to a nonlinear regime where the reconnection rate becomes nearly independent of S, with an inflow velocity ∼ 10 −2 V A . [12, 13] The original Sweet-Parker current sheet breaks up into a chain of plasmoids and a sequence of shorter but thinner current sheets, with widths much smaller than δ SP . [12, 14, 15] The presence of the plasmoid instability in high-S systems uncovers a deep flaw in the Sweet-Parker model, and raises questions about the conventional scenario of the onset of Hall reconnection. Because secondary current sheets are thinner than the primary Sweet-Parker current sheet, potentially they may trigger onset of Hall MHD (or kinetic) reconnection when the widths reach the d i scale, even in systems where the original onset criterion δ SP < d i is not met. Shibata and Tanuma [16] proposed just this scenario in an insightful paper, years before the recent spate of interest in this topic. Recently, numerical studies have been carried out with fully kinetic particle-in-cell (PIC) simulations including a collision operator by
Daughton et al. [14] and Hall MHD simulations by Shepherd and Cassak [17] confirming the role of the plamoid instability in triggering onset of Hall (or kinetic) reconnection. However, the PIC and Hall MHD simulations, discussed in Refs. [14] and [17] 
II. NUMERICAL MODEL
Our simulations are based on resistive Hall MHD equations. These equations in normalized form are:
where ρ is the plasma density, u is the ion velocity, u e is the electron velocity, p is the total pressure, p e is the electron pressure, B is the magnetic field, E is the electric field, J = ∇ × B is the electric current density, η is the resistivity, and d i is the ion skin depth. forcing term ǫf is added to the ion momentum equation, as was done in a previous study. [13] The normalizations of Eqs. (1) - (5) with a massively parallel code HMHD, which is a two-fluid extension of the resistive MHD code used in previous studies. [12, 13] The numerical algorithm [20] approximates spatial derivatives by finite differences with a five-point stencil in each direction. The time-stepping scheme can be chosen from several options including a second-order accurate trapezoidal leapfrog method and various strong stability preserving Runge-Kutta methods. [21, 22] We employ the second-order accurate trapezoidal leapfrog method in this study. HMHD has the capability of nonuniform meshes that allows better resolution of the reconnection layer.
We employ the same simulation setup of two coalescing magnetic islands as in a previous study [13] . The 2D simulation box is the domain (
In normalized units, the initial magnetic field is given by B 0 = ∇ψ 0 ×ŷ, where ψ 0 = tanh (z/h) cos (πx) sin (2πz) /2π. The parameter h, which is set to 0.01 for all simulations, determines the initial current layer width. The initial plasma density ρ is approximately 1, and the plasma temperature T is 3. The density profile has a weak nonuniformity such that the initial condition is approximately force-balanced. The initial peak magnetic field and Alfvén speed are both approximately unity. The plasma beta β ≡ p/B 2 = 2ρT /B 2 is greater than 6 everywhere. Perfectly conducting and free slipping boundary conditions are imposed along both x and z directions. Specifically, we have ψ = 0, u ·n = 0,n · ∇ (n × u) = 0, n · ∇ρ = 0, and B y = 0 on the boundaries (heren is the unit normal vector to the bound- (1) Hall reconnection:
Hall reconnection triggered by plasmoids: the reconnection may proceed in a manner similar to that in resistive MHD. To delineate the border between these two regimes, an estimate for the widths of secondary current sheets is needed. In a previous resistive MHD study, we found that a good estimate for the average width of the secondary current sheets is obtained by requiring that they obey Sweet-Parker scaling, with a length that keeps them marginally stable. That gives an average width
c /S. [13] We denote the regime where δ < d i as "Hall reconnection triggered by plasmoids", and the regime where δ > d i as "plasmoid-dominated reconnection" to characterize their different possible behaviors. Note that statistical deviations from the average width can and do occur. [13] As individual secondary current sheets can be significantly thinner than the average width, we expect the "Hall reconnection triggered by plasmoids" region to be larger than depicted in Figure 1 . We caution that since high-S, large-scale Hall MHD reconnection is largely unexplored, Figure 1 cannot be regarded as a complete picture because it includes ranges of parameter space where no simulations exist.
Even the critical Lundquist number S c and the secondary current sheet width δ could be modified by the presence of the Hall effect. Furthermore, the criterion for onset δ < d i is only accurate up to a numerical factor of order unity. For these reasons, the delineation of different regimes in Figure 1 may not be very precise. Nonetheless, Figure 1 serves well in guiding the choice of simulation parameters where interesting physics may arise.
The primary interest of this work is to explore the two new regimes where the plasmoid instability may play an important role. This study includes three new runs (Run A to C), with corresponding parameters marked on Figure 1 . A fourth run, Run D, from a previous resistive MHD study [13] , is included for comparison. We fix S = 5 × 10 the plasmoid instability the current sheets would have widths (estimated from the scaling
. This is the parameter regime where we may expect to observe a transition from the "Hall reconnection triggered by plasmoids" regime to the "plasmoid-dominated reconnection" regime, depending on the ratio δ/d i . The initial condition and governing parameters for these runs allow a clear separation of length scales: the drivers of reconnection (the two merging islands) are on the largest scale ∼ 1; the initial current layer width ∼ 0.01; the Sweet-Parker width ∼ 10 −3 ; and the ion skin depth d i ∼ 1 − 4 × 10 −4 . Therefore, the simulations cover all distinct stages of reconnection from the initial current sheet thinning to the onset of plasmoid instability, which subsequently may or may not lead to onset of Hall reconnection.
IV. SIMULATION RESULTS
Our primary diagnostics are the reconnection rate and the length and width of the main reconnection current sheet. The reconnection rate is measured as the time derivative of the reconnected magnetic flux. In the presence of the plasmoid instability, the reconnection layer generally contains multiple current sheets at a given time. We define the main reconnection current sheet as the one located where the two primary coalescing islands touch each other. This is the (generally unique) point where the separatrix flux surface bounding the two merging islands intersects itself. For example, in the second panel of Figure 5 , the main reconnection current sheet is the one at the center, between x = 0 and x = 0.1. The length and width are measured as the full width at quarter maximum. Thereafter, the three new runs exhibit qualitatively different behaviors. In Run A, the plasmoid instability immediately triggers a strong onset of Hall reconnection, which expels all the plasmoids, and the system is left with a single X-point. After that, the system reaches a quasi-steady state with the reconnection rate and current sheet geometry approximately time-independent. This run gives the highest reconnection rate (up to 0.04) of the four runs, and the current sheet is also the shortest and narrowest. The aspect ratio (width/length) of the current sheet in the quasi-steady state is approximately 1/20. Figure 4 shows the out-of-plane electric current density, overlaid with magnetic field lines, in the whole domain at t = 1.5. Dashed lines denote the separatrices which are the field lines that separate the In Run B (see Figure 5 for a few snapshots of the key stages), the plasmoid instability does not immediately lead to onset of Hall reconnection. An onset occurs at approximately t = 1.3, triggered by a new plasmoid formed in the main reconnection current sheet. Subsequently all plasmoids are wiped out. However, it appears that Hall reconnection with a single X-point is unstable for this set of parameters, and the system makes a transition back to an extended current sheet. The current sheet length reaches a maximum (≃ 0.1 = 500d i ) at t = 2, whereupon it becomes unstable again and breaks up into plasmoids. This second onset of plasmoid instability leads to another onset of Hall reconnection, resulting in a single X-point again. Conceivably, this cycle will continue repeatedly until the system runs out of flux. Indeed, towards the end of this run, we observe that the length and width of the main current sheet start to rise again ( Figure 3 ). In this regime, which we have called the intermediate regime, the system is caught in between Hall reconnection with a single X-point, and plasmoid-dominated reconnection with multiple X-points. The resulting reconnection rate fluctuates strongly between 0.005 to 0.03. For Run C, because d i is well below the smallest scale caused by the plasmoid instability, the system never makes a transition to The opening angle between the separatrices quickly closes up, first starting from the center, then gradually propagating outward. As the current sheet becomes extended, it becomes unstable to the plasmoid instability (enhanced online). A closer comparison of the dissipation regions for these runs reveals some interesting features. We observe a consistent trend that in the quasi-steady phase, the larger the system size is, the smaller is the opening angle in the downstream region. Furthermore, the current sheet is found to be longer and wider, when normalized to d i , for a larger system. more than 30 grid points per d i along the inflow direction at the current sheet. Figure   11 shows the electron and ion inflows and the balance of E y = −(u e × B) y + ηJ y in the generalized Ohm's law, for the case L/d i = 1000. The −(u e ×B) y term and ηJ y term add up to a nearly uniform out-of-plane electric field E y , as required for quasi-steady reconnection in two dimensions. This indicates that the current sheet is well resolved and the reconnection is supported by resistivity, rather than numerical dissipation. In light of the present study, we would like to comment on the recent controversy regarding the role of electron inertia effects on bistability. [23] [24] [25] Whereas Zocco et al. [24] claim that electron inertia is essential, Cassak et al. [23] argue that it is Hall physics rather than electron inertia that is responsible for bistability. The conclusion of Cassak et al. is supported by an independent study by Sullivan et al. [25] Run A in the present study may be interpreted as an independent verification of the claim made by Cassak et al. [23] and Sullivan et al. [25] that bistability survives even in the absence of electron inertia. In Run A, the Hall solution is realized and remains stable after onset of the plasmoid instability. However, the Sweet- [ 24, [28] [29] [30] [31] ) corresponds to an unstable, and thus physically unrealizable, solution. As such, compressing the current layer leads to a runaway toward smaller scales. They argue that the runaway process "stops only when additional physics, such as off-diagonal elements of the pressure tensor, become important at electron scales," and "in two-fluid simulations of Hall reconnection, the runaway process is often stopped using an explicit high order dissipation term such as hyperviscosity or through numerical dissipation because off-diagonal pressure tensor terms are absent from the model." (See the discussion in Sec. II of Ref. [23] .) This claim is inconsistent with our own study, where we have found that the ηJ y term by itself can balance the reconnection out-of-plane electric field around the X-point in robust Hall reconnection without the assistance of higher order dissipation terms, as shown in Figure   11 . Supporting the reconnection electric field solely by resistivity has been shown before by Wang et al. [32] and recently by Sullivan et al. [25] . Along with this study, we have carefully verified this result via convergence tests on smaller systems.
Because resistivity by itself can stop the current sheet from collapsing in a Hall solution without the need for other physics on electron scales, the assumption made in the argument by Cassak et al. [8] that the current sheet width in Hall solution scales as d e is debatable in a resistive plasma. For example, the current sheet in Figure 11 is significantly wider than d e ≃ d i /43, when the real mass ratio of a hydrogen plasma is employed. An estimate of the contribution from the neglected electron inertia terms in the generalized Ohm's law indicates that those terms are much smaller, therefore the assumption of neglecting them is justified.
We emphasize that although resistivity can in principle balance the reconnection electric field in a Hall solution, such a balance need not necessarily be the case in Nature. It is clear that if the current sheet width approaches the d e scale, electron physics will come into play.
However, in the thought experiment discussed above, the current sheet width increases as we increase η. There exists a certain range of η where the current sheet width is above expelled. Run B demonstrates the possibility that a single X-point geometry is itself unstable, and after the onset of Hall reconnection, reverts to an extended current sheet of the type that led to an X-point in the first place. In this case, the reconnection is characterized by sporadic, bursty behavior with new plasmoids constantly being generated. Because of the intermittent onset of Hall reconnection, on average the reconnection rate is higher than it is when the plasmoid instability does not trigger Hall reconnection (Run C), but lower than it is when a robust Hall reconnection site forms (Run A).
The results presented here may provide a possible starting point to resolve a dichotomy in the existing literature -the X-point geometry in Hall reconnection [5, 6, 8, 17] , versus the extended current sheet geometry embedded with plasmoids in fully kinetic simulations [14, [34] [35] [36] [37] . Our results demonstrate that the dichotomy is false. We have shown that for some range of parameters (Run B) resistive Hall MHD allows the current sheet to become extended again after the onset, and subsequently new plasmoids are generated. That is not to say that the physical mechanisms that cause the extension of the current sheet is the same in the present Hall MHD simulations and fully kinetic simulations. Full kinetic simulations show extended current sheet and plasmoid formation even in the absence collisions, [34, 35, 37] which is not possible in the present simple fluid model, as lack of collisions means η → 0 in the present model. Even when Run B is compared with collisional PIC simulations [14, 36] there are discernible differences. For example, PIC simulations show a continuous generation of new plasmoids. That is quite different from Run B, where the reconnection geometry goes to a singe X-point configuration first then becomes extended again, which triggers plasmoid formation.
The results of this work may be tested in the next generation of Magnetic Reconnection Experiment (MRX), which is planned to systematically explore different regimes in the reconnection "phase diagram". [38] It may also be applicable to magnetic reconnection in laser produced high energy density plasmas, which have been the subject of great interest recently. [39] [40] [41] [42] [43] [44] In conclusion, although the resistive Hall MHD model has limitations, the fact that the single X-point geometry is not inevitable in the Hall MHD model opens the possibility of realizing extended current sheets in global Hall MHD simulations of large systems. In future work, through the implementation of more sophisticated closures, e.g. for the electron pressure tensor term in the generalized Ohm's law, one may be able to parameterize some key kinetic effects in reconnection simulations. Progress along this direction may be essential in order to extend global modeling codes to include two-fluid and kinetic effects, as fully kinetic simulations of large systems, with realistic physical parameters are likely to remain computationally too expensive even in the near-future era of exascale computing.
